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A STUDY OF THE HIGH-TEMPERATURE 
AIR OXIDATION OF YTTRIUM METAL 
0. N. Carlson, F. A. Schmidt and R. L. Wells 
Abstract--A survey was made of the high.,.temperature oxidation of yttrium 
metal and its effect on hardness. Corrosion of the metal was very slow at 
450 ° C, but increased rapidly with temperature, becoming very severe at 
925°C. Oxidation was found to increase the hardness of yttrium metal due 
to the diffusion of oxygen into the metal lattice. 
INT ROD UC TION 
Yttrium was one of the first of the rare-earth metals to be produced 
in large quantities because of its relative abundance, high melting point, 
and relatively low neutron cross-section. Interest in yttrium as a material 
for use in nuclear reactors and as an alloying additive to iron and other 
metals has resulted in its availability in the pu:tity and quantity required 
for research and development work. 
This report describes the results of an investigation of the air 
oxidation of yttrium metal at different temperatures. A preliminary survey 
was made of the high-temperature characteristics of yttrium metal in air 
and of the variables that must be controlled for an adequate evaluation of 
this property. These tests showed that yttrium oxidizes very little at 
450 ° C and below, but above this temperature the rate of oxidation 
accelerates with increasing temperature. 
5 
6 
-- \ 
EXPERIMENTAL PROCEDURE 
' 
A detailed study was made of the oxidation of yttrium in air at various 
temperatures using a semi-continuous weighing apparatus . The tests were 
carried out in an electric resistance furnace controlled to + 5 °C of the 
desired temperature. A schematic diagram of the apparatus is shown in 
.Fig. 1. 
The weight gain of the specimen was measured by means of a 
chainamatic balance supported directly above the furnace. The sample 
' 
was suspended from the balance arm by a pl.atinum wire that extended 
into the furnace. A plaFnum vessel was suspended below the sample to 
1 
catch any spalling oxide. 
Air was used as the oxidizing gas. The intake air was filtered by two 
Koby filters and preheated by passing through a stainless steel tube in the 
middle of the furnace before being admitted at the bottom of the quartz 
tube surrounding the specimen. A photograph of this apparatus is shown 
in Fig. 2. 
Samples were taken from a siX-inch diameter arc-cast ingot prepared 
by the authors employing the Y -~g intermediate alloy process. 1 Table I 
sh~ws the analysis of this material. The specimens were either tested 
in the arc-cast condition or after recrystallization. The arc-cast 
I 
specimens were cut directly from the ingot. The recrys'tallized specimens 
were prepared in the following way. The ingot was annealed in vacuo at 
1 Banks, C. V., 0. N. Carlson, A. H. Daane, V. A. Fassel, R • . W. Fisher, · 
E. H. Olson, J. E. Powell and F. H. Spedding, Studies on the Preparation, 
Properties and Analysis of High Purity Yttrium Oxide and Yttrium Metal at 
the Ames Laboratory, IS-1, July 1959. 
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Table I 
Analysis of Yttrium Metal Used in Air 
Oxidation Studies 
Element 
Carbon 
Nitrogen 
Calcium 
Magnesium 
Oxygen 
Fluorine 
Silicon 
Copper 
Boron 
Nickel 
Iron 
Titanium 
Zirconium 
Wt% 
0.029 
0.010 
0.001 
0.002 
0.069 
0.062 
0.010 
0.003 
0.001 
0.030 
0.020 
0.500 
o. 010 
9 
950°C for 2 1/2 hr s and cut into sections approximately 0. 2 in. thick. 
These were cold rolled to a thickness of 0. 125 in. and machined into 
test specimens 1 in. by 0. 75 in. by 0. 125 in. The specimens were ground 
on successive papers through a final grit size of 600 and then recrystallized 
at 950°C in vacuo for 2 1/2 h r s. 
10 
The yttrium specimens were tested at various temperatures in the 
above apparatus by the following procedure. The air flow was adjusted 
to 2000 cc per min . Thl.s r ate was chosen because it was the maximum 
amount of air that could be used in the system without significantly 
affecting the weighing precision. After the furnace had been brought 
to the approximate temperature, the balance case and the stainless 
steel cap on the quartz tube were removed. The sample, suspended on 
the platinum wire, was lowered into the furnace through a hole in the 
bottom of the balance platform. The quartz tube was then closed and 
the thermocouple placed in position. The weight gain was measured 
after approximately 10 min and successive readings were taken 
intermittently throughout a 24-hr period. Samples in both the arc-cast 
and 'recrystallized conditions were tested at 450, 500, 550, 600, 650, 700, 
750, 800, 850, 900 and 925°C. After cooling, the samples were mounted 
edgewise in bakelite, ground and polished preparatory to hardness testing. 
Hardness measurements were made on the polished surface using a Kentron 
Microhardness Tester and a Knoop Indentor with a 1000-gram load. 
Photomicrographs were taken of the specimens after 24 hrs of 
oxidation at the various test temperatures. The specimens were polished 
with alumina and then given a final. polish with 1/4-micron diamond dust. 
The specimens were photographed in the as-polished condition under 
bright field illumination which satisfactorily showed the appearance of the 
oxide layer and the distribution of oxide in the metal. The grain structures 
of both the oxide and metal were brought out by use of polarized light. This 
required etching of the metallic phas e by a three-second immersion in 
concentrated HN0 3 • 
RES\..'"LTS 
Oxidation tests were run on duplicate specimens in both the 
recrystallized and arc-cast conditions. The weight gain and hardness 
changes were determined on these specimens and the corroded specimens 
were studied by x-ray and microscopic techniques. 
Weight Gain Measurements 
The weight gains of the oxidized specimens are shown graphically for 
different temperatures in Figs. 3 and 4. Log-log plots of weight gain 
vs time were used to determine which oxidation law, if any, applies to 
yttrium. The data points represent average values from the duplicate 
runs. 
11 
The oxidation rates at various temperatures were found to follow the 
gen eral equation, xn = kt, over limited periods of time. In this equation, 
xis the weight gain per unit area, tis the time, and nand k are constants. 
The values for n and k for the time range and temperature over which 
they hold are listed in Table II. As can be seen from Figs. 3 and 4 most 
of these curves are not linear over the entire 24-hr period although some 
appear to have straight-line segments with different slopes. The curved 
portions between these linear segments is believed to be indicative of a 
transition in the oxidation mechanism. 
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14 
Table II 
Values of n and k in the Equation, xn = kt, for the Oxidation of Recrystallized 
Yttrium Metal 
Temperature Time Range 
oc min n k 
450 10-80 2.74 1. 3lxl0 -5 
160-1440 1. 54 1.24xl0 -5 
500 30-1440 1. 38 2.67xl0 -3 
550 10-40 0.97 1. 60xl0 -2 
40-490 1. 20 1. 44xl0 -2 
490-1440 1. 42 2.08xl0 -2 
600 10-230 1. 51 1. 33xl0 -1 
230-1440 2. 15 5.40xl0 -1 
650 500-1440 3.22 1. 39xl0 2 
700 670-1440 4.43 1. 72xl0 4 
750 330-1440 5.24 2.8lxl0 5 
800 10-105 1. 70 8.36xl0 -2 
150-370 0.71 2.2lxl0 -2 
450-1440 1. 88 9.35xl0 -1 
850 10-100 0.45 2.70xl0 -2 
350-1440 5.00 1.87xl0 5 
900 10-30 0.68 3.44xl0 -2 
45-90 0.45 3.16xl0 -2 
360-1440 5.00 2,68xl0 5 
925 10-80 0.45 3.43xl0 -2 
400-1440 5.00 7.25xl0 5 
No weight change could be detected below 450°C over a 24-hr 
perial. Between 450 and 600°C the time-weight gain curves appear to 
follow the equation, xn = kt, quite closely with n having values between 
1 and 2 which is between linear and parabolic behavior. 
The curves at 650, 700 and 750°C do not appear to follow the 
15 
oxidation equation except possibly over short time intervals. The values 
for n and k shown in Table II were calculated for the longest linear segment 
of these curves in order to compare the approximate oxidation rates with 
those at the other temperatures and to show the rate equations that the 
oxidation tends to approach. 
The unusual behavior exhibited by yttrium at 800°C was found to be a 
reproducible phenomena. The tests showed a low initial oxidation rate, 
then a rapid increase in weight gain with time, and finally a slower 
steady state oxidation rate up to 24 h r s . 
The oxidation curves at 850, 900 and 925°C show a transition from 
a high initial rate of oxidation to a low oxidation rate after approximately 
two h r s at temperature. The weight gain per unit area was very low 
initially but increased to a high level of corrosion with increasing time. 
Yttrium shows little change in physical appearance except for a 
slight dulling of the surface luster after 24 h r s at 450°C, In the 500°C 
test, an adherent yellow oxide layer was visible, and at 550 and 600 o C 
the layer became more uniform and. pronounced. At 650°C, a few small 
cracks were apparent in the oxide layer. At 700 and 750°C, the cracks were 
larger, especially at the edges of the specimen, and the surface less uniform. 
16 
The oxide layers at 800, 850, 900 , and 925°C were increasingly 
inadherent and fluffy. At these temAAratures, considerable amounts of 
the oxide spalled into the platinum vessel below the sample. 
Complete oxidation data were also taken on arc-cast yttrium samples. 
These data were not as rep1wducible as those obtained for the recrystallized 
metal due to the effects of such variables as casting conditions, distribution 
of impurities in ingot, grain size and crystal orientation. A comparison of 
the temperature dependence of the weight gain per unit area for- the arc-
cast and recrystallized conditions is .shown in Fig. 5. It will be noted that 
both curves show maxima at. 675°C followed by minima at 750°C. 
Effect of Oxidation ori. Hardness 
It was found in preliminary tests on yttrium metal that oxidation at 
high temperatures increases the hardness of the metal. Knoop hardness 
traverses across the specimen revealed a general increase in hardness 
with oxidizing temperature. Plots of hardness vs distance from the metal-
oxide interface of the test specimen (see Fig. 6) show a hardness gradient 
from the outer surface to the center . The anamalous reversal of this 
gradient at 700 and 900°C may be significant. The decrease in hardness 
toward the center of the specimen and the general increase in hardness 
with test temperature are proposed to be due to the diffusion of oxygen 
into the metal lattice during oxidation. It lias previously been observed 
that the hardness of yttrium metal in the quenched state is increased by 
the addition of oxygen. 2 To verify this supposition, the oxide was removed 
2 Carlson; ·.:O • .N., D. W. Bare, E. D. Gibson and F. A. Schmidt, Survey 
of .th.e Mechanical Properties of Yttrium and Yttrium Alloys, to be 
published in Proceedings of Pacific Area Conference of ASTM held at 
San Francisco, Oct. 1959. 
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from the test specimens, and the underlying metal was analyzed 
spectroscopically for oxygen. 3 A correlation of oxygen content and 
hardness as function of test temperature is shown in Fig. 7. The 
19 
hardness measurements were taken at the center of the specimen. The 
maxima and minima in these curves occur at the same temperatures as 
in the weight gain curves in Fig. 5. 
Tests were made to ascertain the nature of this change in hardness 
with oxidation temperature. The hardness of recrystalized yttrium 
metal was measured after testing at 625°C for 30, 80, 200, 375 and 
1440 min (24 hrs). The results of this test showed that the hardness 
increased with increasing time. 
The possibility that the hardness increase may be caused by 
inadvertent quenching of the specimen at the conclusion of a run was also 
investigated. Since the samples are cooled rapidly in air to room 
temperature after a specified period of testing, the effect of gas cooling 
from the test te~peratures on hardness was studied. Recrystallized 
samples were heated in an inert gas atmosphere in a stainless steel 
tube. These specimens were cooled in a helium gas stream in an attempt 
to reproduce the cooling conditions of the oxidized specimens. As can 
be seen from Fig. 8, no increase is noted in the hardness of the un-
oxidized metal with increased quenching temperature. The results of 
3 Fassel, V. A., W. A. Gordon and R. J. Jasenski, Spectrographic 
Determination of Oxygen, Nitrogen and Hydrogen in Metals, Basic 
Chern. of Nucl. Energy, Vol. 28 (1958), p. 583. 
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22 
these tests indicate that the increase in hardness of the oxidized specimens 
is due to oxidation and not quenching. 
X-ray Diffraction Studies of Oxide Layer 
The corrosion product obtained was assumed to be yttrium oxide. 
This assumption was based on the color of the product which was the 
characteristic light-yellow of Y 20 3 . To substantiate this assumpti<;~m\ 
the product was examined for lattice distortion or the presence of any 
additional phases. An x-ray diffraction analysis was made of the adherent 
and inadherent products of corrosion after 24 hr s at each of the 
temperatures under study. Debye-Scherrer powder patterns were taken 
of these products and of a sample of pure Y 20 3 . The lattice parameter, 
a 0 , was determined for each product and for pure Y 20 3 using conventional 
x-ray calculations and the Nelson-Riley extrapolation. 4 The x-ray 
diffraction patterns ' of the corrosion products were compared with those 
of pure Y 203' and no other phases were found to be present. The lattice 
0 
parameters from all of the oxide patterns were within.±. 0. OlOA of the 
0 
value of 10. 615A found for pure Y 20 3 . This is slightly greater than 
the reported value of 10. 604A for Y 0 . 5 
' . 2 3 
Microstructures of Oxidized Metal 
Photomicrographs were taken of several specimens in order to 
show the thickness of the oxide layer as well as the structure of the 
4 Nelson, J. B. and D. P. Riley, An Experimental Investigation of the 
Extrapolation Methods in the Derivation of Accurate Unit-Cell Dimensions 
of Crystals, Proc. Phys. Soc. (London), Vol. 57 (1945), p. 160. 
5 Swanson, H. E., R. K. Fuyat, and G. M. Ugrinic, Standard X-ray 
Diffraction Powder Patterns, Nat. Bur. Stand. Circ. 539, Vol. 3 (1954). 
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oxide and of the underlying metal. These are shown in Figs. 9 to 13. 
The increase in thickness of the oxide layer with increasing 
temperature is evident from the bright-field photomicrographs of the 
500, 600 and 700°C samples (Figs. 9, .10 and 11). Most of the oxide 
layer was inadherent on the 800 and 900"C samples and could not be 
retained during mounting of the specimens (see Figs. 12 and 13). The 
thickness of the oxide was determined with the micrometer and eyepiece 
of the Kentron Microhardness Tester. The data obtained in these 
measurements on recrystalli~ed yttrium are plotted as functions of 
temperature in Fig. 14. The limits of precision of these thickness 
measurements are estimated to ··~e + 0. 005 in. 
The Y 2o 3 on the surface of the samples was found to have a randomly-, 
oriented grain structure similar to that found in the parent yttrium metal. 
A photomicrograph of the 700°C specimen illuminat.ed by polarized light 
(Fig. 11) reveals this similarity, The contiguity of the oxide and metal 
phases is also shown in the photomicrograph of the 600°C sample (Fig. 12). 
The metal-oxide interface of the oxidized yttrium was quite irregular 
at the lower temperatures relative to the thickness of the oxide layer, 
and became more uniform at the higher .temperatures. This can be seen 
by comparison of Figs. 11 and 12. Sirice ideal oxidation proceeds along 
a straight-line interface, itr,)s proposed that oxidation has not reached 
an equilibrium condition in 24 h r s · at the lower temperatures. As the 
temperature is increased, b,owever, the greater uniformity of the oxide 
thickness is indicative of steady state behaviour. 
24 
•, 
• 
Fig. 9 - Yttrium Metal After 24 Hours of Oxidation at 
500°C . Dark oxide layer (top) on metal surface . 
As polished, bright field, SOX. 
25 
.lfJ:g.· 1 oJ -- Ytl-t'Timrr Me a.ll R Ml i-f :f1I U s Of O~idat'ibn' at 6oo o C. 
Da rk oxi.l(l\f la1y"e r on me cil1 s 1fi.fa'ce. 
Top - tine· cH&dl,, ~rrgh fiel1d1, SOX: 
Bottom~ -- PIN<93J e cl{l, p olari'zecl light,' 50X: 
26 
Fig. 11 - Yttrium Metal After 24 Hours o£ Oxidation at 700°C. 
Top - Unetched, bright field, SOX. 
Bottom - HN03 etch, polarized light, SOX. 
•, 
.. · . 
_ .. .,. .... 
.· ,_ . . . -
27 
·. 
Fig . 12 - Yttrium Metal After 24 Hours of Oxidation at 800°C. 
Unetched, bright field, SOX. 
28 
" · l '.' 
I ""'-. ~·. ' " \ 
I 
Fig. 13- Yttrium Metal After 24 Hours of Oxidation at 900°C. 
Top - Unetched, bright field, SOX. 
Bottom - HN03 etch, polarized light, SOX. 
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The increase in oxygen content with temperature is apparent in 
Figs. ~9, to 1-3 by the presence of increased amounts of Y 20 3 precipitated 
along grain boundaries and within grains of the yttrium. Very little 
oxide precipitate was found in the microstructure of the unoxidized 
metal in the 500 and 600 o C samples indicating low oxygen contents. 
The increase in concentration of oxide platelets indicates a higher 
oxygen content of the metal at 800 and 900°C. Although analysis showed 
that the 700°C specimen contai.ned approximately 2500 ppm oxygen, this 
is not apparent in Fig. 11. This is due to the difficulty in photographing 
details of both the oxide layer and the underlying metal. 
One of the inherent problerns of oxidation studies using rectangular 
shaped samples is the inaccuracy of edge oxidation. This is illustrated 
in Fig. 15 which shows an oxidized corner of a rectangular specimen. 
SUMMARY 
A study was made of the corrosion of yttrium metal in air from 
450 to 925°C using a semi-continuous weighing apparatus. The weight 
gain due to the formation of Y 20 3 at the metal surface was found to be 
very small at 450°C, but increased rapidly as the ternperature was 
increased to 700°C. After decreasing slightly at 750°C, the oxidation 
increased to a destructive rate at 925°C. The oxidation rates at the 
various temperatures were found to follow the general equation, 
xn = kt, over limited time ranges. High-temperature oxidation was 
found to increase the hardness of yttrium metal due to the diffusion of 
31 
Fig . 15 - Corner of Yttrium Specimen After 24 Hours of 
Oxidation at 700°C. Unetched, bright field, lSOX. 
32 
oxygen into the metal lattice during oxidation. · The oxide layer increased in 
thickness and the metal-oxide interface became less irregular relative to 
this _thickness as the temperature of oxidation was increased. 
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